Abstract -We present a method of constructing low-dimensional nonlinear models describing the main dynamical features of a discrete 2-D cellular fault zone, with many degrees of freedom, embedded in a 3-D elastic solid. A given fault system is characterized by a set of parameters that describe the dynamics, rheology, property disorder, and fault geometry. Depending on the location in the system parameter space, we show that the coarse dynamics of the fault can be confined to an attractor whose dimension is significantly smaller than the space in which the dynamics takes place. Our strategy of system reduction is to search for a few coherent structures that dominate the dynamics and to capture the interaction between these coherent structures. The identification of the basic interacting structures is obtained by applying the Proper Orthogonal Decomposition (POD) to the surface deformation fields that accompany strike-slip faulting accumulated over equal time intervals. We use a feed-forward artificial neural network (ANN) architecture for the identification of the system dynamics projected onto the subspace (model space) spanned by the most energetic coherent structures. The ANN is trained using a standard back-propagation algorithm to predict (map) the values of the observed model state at a future time, given the observed model state at the present time. This ANN provides an approximate, large-scale, dynamical model for the fault. The map can be evaluated once to provide a short-term predictions or iterated to obtain a prediction for the long-term fault dynamics.
Introduction
A first principles approach to modeling and forecasting the dynamics of an earthquake fault is not feasible at present because the governing physical laws, geometric and structural fault properties, and controlling variables (fault stresses and slips) are not fully available. A practical alternative is to build ''phenomenological'' models that attempt to estimate the overall character of the system's dynamics. These models quantify basic deterministic or stochastic relationships involving only a few irreducible degrees of freedom, which may be used for short-term prediction. We show that for earthquake forecasting this can be done using the spatio-temporal strain patterns embedded in the observable surface displacements. Such an approach is based on the observation that the large-scale dynamics of the system often evolves on a manifold (or invariant measure for the case of strange attractors) with a dimension that is significantly smaller than that of the system's phase space. In such cases, a few macroscopic observables can approximate very well the present state of the system, and predictive models based on the dynamics of a reduced number of macroscopic observables can then be constructed.
In order to identify meaningful low-dimensional structures, we apply the Proper Orthogonal Decomposition (POD)-also known as the Principal Component Analysis (PCA) or Karhunen-Loe´ve expansion-to an ensemble of surface deformation data generated by the system's dynamics. The POD provides the most efficient way of capturing the dominant components of a dynamical process with only finitely many, and often surprisingly few, ''modes'' (HOLMES et al., 1996) . Using synthetic calculations for a strike-slip fault system, we demonstrate that a reduced number of deformation modes can explain, on the average, the large-scale dynamics of elastic surface deformations. The dynamics of these modes live on a low-dimensional ''reduced'' attractor in the neighborhood of which the system spends most of its time. The state of the system in this reduced space-model state space-is represented by a set of modal coefficients that measures the projection of the ground surface deformation onto each dominant mode. Our goal is to extract the nonlinear modal dynamics in this model space by constructing a map of the observed model state at a future time, given the observed model state at the present time. We will present preliminary results in which an artificial neural network has been used with promising success to learn the dynamics of the reduced model from these modal time series. The reconstructed map has been iterated to obtain predictions for the long-term model dynamics starting from its current model state. A rough test of the reliability of the model forecast to approximate the future of the fault system is also discussed.
Our method may be compared to the linear pattern dynamics introduced by RUNDLE et al. (2000) . Their technique is based upon a Karhunen-Loe´ve expansion of the spatio-temporal seismicity data and is used to estimate a linear stochastic model for the evolution of a probability density function for seismic activity. In contrast to that method, which provides a local linear approximation in a probability space, we propose a global nonlinear approximation that describes the effective large-scale dynamics in a low-dimensional phase space.
Description of the Earthquake System
We distinguish between the assumed physical system and the model which is an approximate representation of the system. The assumed system is itself a simplified 2024 Marian Anghel et al. Pure appl. geophys.,
